The present paper investigates the temperature/frequency dependences of admittance Z in the granular Cux(SiO2)1−x nanocomposite lms around the percolation threshold xC in the temperature range of 4300 K and frequencies of 20−10 6 Hz. The behavior of low-frequency ReZ(T ) dependences displayed the predominance of electrons hopping between the closest Cu-based nanoparticles for the samples below the percolation threshold xC ≈ 0.59 and nearly metallic behaviour beyond the xC. The high-frequency curves ReZ(f ) at temperatures T > 10 K for the samples with x < xC exhibited behavior close to ReZ(f ) ≈ f −s with s ≈ 1.0 which is very similar to the known Mott law for electron hopping mechanism. For the samples beyond the percolation threshold (x > xC), the frequency dependences of ReZ(f ) displayed inductive-like (not capacitive) behaviour with positive values of the phase shift angles.
Introduction
Composite materials consisting of metallic nanoparticles in a dielectric matrix are of main focus in material science research at present due to the presence of unresolved questions as far as understanding of their physical and practical concepts are concerned [1] . The rst reason for this interest is associated with miniaturization of electronic devices and improvement their performance in the eld of higher frequencies [2] . The second reason is connected with the possibility of changing resistivity of metaldielectric composites in a wide region. The third reason is in incomplete understanding regarding their carrier transport mechanisms, in particular in observation of the negative capacitance eect in the impedance of composites when dimensions of metallic phase particles get close to nanosizes [35] . Understanding of some physical peculiarities in the electrical behaviour of metal dielectric nancomposites depending on frequency, temperature and composition will allow to use some of them in future as miniaturized electrotechnical elements with tunable resistance, capacitance and inductivity.
The character of dc/ac carrier transport in nanocomposites containing metallic nanoparticles randomly distributed in the dielectric matrix should be strongly dependent on the composition of the material, and in particular, on the position of percolation threshold x C . * corresponding author; e-mail: t.koltunowicz@pollub.pl The latter is determined by volume of the metallic phase fraction x in a composite, ratio of metallic and dielectric phases conductances σ m /σ d , phase composition of nanoparticles and matrix and also some geometric parameters of metallic phases (dimensions of nanoparticles and their scattering by sizes, shape of nanoparticles and topology of their distribution in matrix, etc.) [69] . In accordance with the percolation theory for binary composites [10] , at x < x C nanoparticles are randomly distributed in dielectric matrix, so that transport is mainly realized by tunneling of electrons from particle to particle through dielectric strata. In such state composite is on dielectric side of metalinsulator transition (MIT). However, since x = x C these particles become contact electrically to each other and beyond the percolation threshold
x > x C form continuous current-conducting (percolating) routes for electrons that will shunt dielectric phase shifting composite on metallic side of MIT. Besides, for correct interpretation of the behavior of electric properties in many real composite materials we should also take into consideration the inuence of the rest or specially introduced oxygen in a gas mixture during their preparation: the last one can result in the formation of oxide shells or precipitates at the interface between the metallic particles and dielectric matrix [35] . All this makes the structure of such composites more complicated than for the binary ones and can strongly change their properties.
As it was shown earlier in our works [3, 11] Therefore, the goal of this work was to elucidate the inuence of metal-to-dielectric component ration in the composite lms, consisting of Cu-based nanoparticles embedded into the dielectric (silica) matrix, on their structure and mechanisms of carrier transport based on the temperature/frequency dependences of impedance.
Experimental procedures
The Cu x (SiO 2 ) 1−x thin lm samples with 0.36 < x < 0.70 in the range of 3 to 5 µm thick were fabricated by ion-beam sputtering of the compound target with argon onto the motionless glass ceramic substrate. The deposition was carried out in a special vacuum chamber [16] evacuated down to 1 × 10 −4 Pa and then lled with pure argon up to the total gas pressure of 9.6 × 10 −2 Pa. The original conguration of the compound target enabled to prepare composite lms with dierent metallic to dielectric fraction ratio in one technological process [9, 16] .
The as-deposited granular lms were subjected to the study of structure by scanning electron microscopy (SEM), X-ray diraction (XRD) and the Raman spectroscopy (RS). For the XRD analysis the Bruker powder diractometer working with Cu K α radiation, a graphite monochromator on the diracted beam and a scintillation counter with pulse-height discriminator were used. Diraction patterns were taken over a wide angular range from 2θ = 5
• to 80
• . For the SEM images a LEO 1455VP microscope was used. It was also equipped with a special microprobe X-ray analyzer with energy-dispersive Si:Li detector Rontec allowing to perform X-ray microanalysis for checking the samples' stoichiometry with accuracy of ≈1%. Thicknesses of the lms were also measured on SEM with the accuracy ≈23% on the cleavages of the studied samples. µ-Raman spectra were taken at room temperature using a Nanonder High End (Lotis TII, Belarus-Japan) confocal microscope based setup.
Comparing the SEM, XRD and RS data for dierent samples of the studied lms allowed to draw some conclusions. The SEM images of the lms with x > 0.60
contained Cu granules of approximately 100200 nm dimensions (see inset in Fig. 1 ). This is also conrmed by The percolation threshold separates all the composites based on their composition on dielectric (for x < x C ) and metallic (x > x C ) that becomes apparent in dierent behavior of impedance characteristics with temperature and frequency in Figs. 2, 3 . As can be seen from curves 13 in Fig. 2 , the ReZ (T ) dependences for f = 20 Hz show their activation (dielectric) character for x less or close to the x C value whereas for x > 0.65 they do not display activational character (curve 4 has nearly zero slope). The same behaviour was observed in [16] for temperature dependences of resistivity measured in the DC regime. Our experiments showed that the character of frequency dependences of ReZ and phase shift angle θ are strongly changed with composition and temperature.
As follows from Fig. 3 , for the samples with the activational behavior of ReZ (T ) in Fig. 2, i .e. at the concentrations of metallic phase x > 0.59, predominance of capacitive contribution in the imaginary part of impedance is observed (when θ < 0 in Fig. 3b ). For the lms with metallic behavior for x > 0.59 the negative capacitance eect was observed that means delay of current as compared with the voltage applied and therefore prevailing of inductive contribution in the reactive impedance (with θ > 0 in Fig. 3b ).
Such behavior is observed in many metalinsulator composites where metallic granules in the dielectric matrix are nanosized and show hopping mechanism of carrier transport due to jumps of electrons between the neighboring metallic nanoparticles (see [3, 10, 16, 17] ).
In our case such mechanism is additionally conrmed by high-frequency ReZ (f ) dependences shown in inset (a)
in Fig. 3 . Actually, as can be seen from the comparison of these experimental curves with the straight dashed line, at high frequencies this dependence is very similar to the well-known Mott law [19] ReZ (f ) ∼ f −s with s ≈ 1.0.
In so doing, the frequency range, in which this law holds true, is expanded with the temperature lowering. as for dc measurements in [16, 17] . In doing so, in the dielectric regime nanocomposites display predominance of capacitive contribution in the reactive part of impedance whereas for x > 0.68 nanocomposites being on metallic side of MIT show prevailing inductive-like contribution in the reactive impedance ImZ (f ) in the form of negative capacitance eect with θ > 0.
